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Rare-earth elements (REEs) are a group of 17 elements with similar chemical properties,
including 15 in the lanthanide group, yttrium, and scandium. Due to their unique physical and
chemical properties, REEs gain increasing importance in many new energy technologies
and systems that contribute to reduce greenhouse gas emissions and fossil fuel deple-
tion (e.g., wind turbine, electric vehicles, high efficiency lighting, batteries, and hydrogen
storage). However, it is well known that production of REEs is far from environmentally sus-
tainable as it requires significant material and energy consumption while generating large
amounts of air/water emissions and solid waste. Although life-cycle assessment (LCA) has
been accepted as the most comprehensive approach to quantify the environmental sus-
tainability of a product or process, to date, there have been only very limited LCA studies
on the production of REEs. With the continual growth of renewable energy and energy
efficient technologies, global production of REEs will increase. Therefore, reducing envi-
ronmental footprints of REE production becomes critical and identifying environmental
hotspots based on a holistic and comprehensive assessment on environmental impacts
serves as an important starting point. After providing an overview of LCA methodology and
a high-level description of the major REE production routes used from 1990s to today, this
paper reviews the published LCA studies on the production of REEs.To date, almost all the
LCA studies are based on process information collected from the operation of Mountain
Pass facility in U.S. in 1990s and the operation of facilities in Bayan Obo, China. Knowledge
gaps are identified and future research efforts are suggested to advance understanding on
environmental impacts of REE production from the life-cycle perspective.
Keywords: environmental impact, life-cycle assessment, life-cycle inventory, energy technology, rare-earth elements
INTRODUCTION
Rare-earth elements (REEs) are comprised of the 15 elements
that make up the lanthanide group of the periodic table and also
include yttrium and scandium because of their similar physical
and chemical properties (Castor and Hedrick, 2006; Gambogi and
Cordier, 2010; Walters et al., 2010; Liao et al., 2013; Golev et al.,
2014). The elements can be grouped into two different categories
based on their atomic numbers. REEs with atomic number 57–63
are classified as light-rare earths (LREEs), and REEs with atomic
number 64–71 are classified as heavy-rare earths (HREEs). Scan-
dium and yttrium are usually classified as HREEs (Humphries,
2011; Yang et al., 2013; Pothen, 2014). From other work, a third
category, i.e., medium-rare earths (MREEs) is used to describe
samarium, europium, and gadolinium (Chen, 2011; Hatch, 2011;
Tharumarajah and Koltun, 2011). Table 1 lists the 17 REEs with
their main applications,with applications related to energy in bold.
Rare-earth elements have traditionally been applied in a variety
of domains and products, including catalysts, ceramics, commu-
nications, electronics, lighting, phosphors, and polishing pow-
ders (Eggert et al., 2008; Hatch, 2012; White et al., 2013). What
distinguishes REEs from other elements is their particular elec-
tronic structures (i.e., 4f orbitals), which offer unique chemical,
structural, and physical properties (Korinek and Kim, 2010; Graf
et al., 2013; Fouquet and Martel-Jantin, 2014). The REE indus-
try’s importance has ballooned in the last few years, emerging
from an industry that was widely ignored to one that is essen-
tial to an environmentally efficient economy (Bourzac, 2010; Kara
et al., 2010; Binnemans et al., 2013; Clapper, 2013; Adibi et al.,
2014). Furthermore, REEs have gained worldwide attention, given
their application in hybrid vehicles, wind turbines, and mili-
tary systems (Hagelüken and Meskers, 2009; Grasso, 2013; Kifle
et al., 2013; Lewis and Jiménez-Villacorta, 2013; Bogue, 2014). For
example, it is estimated that wind turbines, incorporating NdFeB
magnets, contain 171 kg of REEs per MW of capacity (Walling-
ton et al., 2013). Also, the properties of REEs allow them be
used to miniaturize components and appliances (Brown et al.,
2002; Chakhmouradian and Wall, 2012). Given that REEs provide
critical functionality in many applications, especially sustainable
mobility and energy supply (Gibson and Parkinson, 2011; Alonso
et al., 2012; Hatch, 2012), the interest and need for them is growing
and will continue to grow (Bauer et al., 2010; Paul and Campbell,
2011; Moss et al., 2013; Wallington et al., 2013).
Accounting for more than 90% of the total world sup-
ply, China is currently the largest producer of REEs (Chu and
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Table 1 | REEs and their applications (Gupta and Krishnamurthy, 2005; Hurst, 2010; Hatch, 2012).
Name Symbol Atomic no. Applications and products
Scandium Sc 21 Aerospace materials, consumer electronics, lasers, magnets, lighting, sporting goods
Yttrium Y 39 Ceramics, communication systems, lighting, frequency meters, fuels additive, jet engine turbines,
televisions, microwave communications, satellites, vehicle oxygen sensors
Lanthanum La 57 Catalyst in petroleum refining, television, energy storage, fuel cells, night vision instruments,
rechargeable batteries
Cerium Ce 58 Catalytic converters, Catalyst in petroleum refining, glass, diesel fuel additive, polishing agent,
pollution-control systems
Praseodymium Pr 59 Aircraft engine alloy, airport signal lenses, catalyst, ceramics, coloring pigment, electric vehicles, fiber
optic cables, lighter flint, magnets, wind turbines, photographic filters, welder’s glasses
Neodymium Nd 60 Anti-lock brakes, air bags, anti-glare glass, cell phones, computers, electric vehicles, lasers, MRI
machines, magnets, wind turbines
Promethium Pm 61 Beta source for thickness gages, lasers for submarines, nuclear powered battery
Samarium Sm 62 Aircraft electrical systems, electronic counter measure equipment, electric vehicles, flight control
surfaces, missile and radar systems, optical glass, permanent magnets, precision guided munitions,
stealth technology, wind turbines
Europium Eu 63 CFL, lasers, televisions, tag complex for the medical field
Gadolinium Gd 64 Computer data technology, magneto-optic recording technology, microwave applications, MRI machines,
power plant radiation leaks detector
Terbium Tb 65 CFL, electric vehicles, fuel cells, televisions, optic data recording, permanent magnets, wind turbines
Dysprosium Dy 66 Electric vehicles, home electronics, lasers, permanent magnets, wind turbines
Holmium Ho 67 Microwave equipment, color glass
Erbium Er 68 Color glass, fiber optic data transmission, lasers
Thulium Tm 69 X-ray phosphors
Ytterbium Yb 70 Improving stainless steel properties, stress gages
Lutetium Lu 71 Catalysts, positron emission tomography (PET) detectors
Majumdar, 2012). However, in 2008, China began the process
of implementing a REE production quota as well as limiting
the number of permitted exporters, which has made the global
REE market extremely volatile (Walters et al., 2010). This has
forced other countries to examine their supply chains for poten-
tial risks (Gambogi and Cordier, 2010; Hurst, 2010; Tse, 2011;
McLellan et al., 2013; He, 2014). In 2008, the European Union
(EU), through the European Commission’s Raw Material Sup-
ply Group, prepared a national plan recommending direct actions
be taken to increase market accessibility, increase investments
in R&D, and support recycling programs (Blakely et al., 2012).
The EU has also established the Strategic Energy Technology
Plan, which aims to promote renewable resources and energy
efficiency in order to tackle climate change (Moss et al., 2011).
Japanese firms and the Japanese government have searched for
mines throughout Asia, Africa, and the Americas to secure sup-
plies of REEs (Humphries, 2011; Blakely et al., 2012). In 2011
and 2012, the U.S. Department of Energy (DOE) released the
Critical Materials Strategies, calling for a reduced dependence
on critical materials, as well as ensuring that energy technolo-
gies are not obstructed by future supply shortages (Grasso,
2013). The most critical materials identified by the DOE are all
REEs: Dy, Nd, Tb, Eu, and Y (Bauer et al., 2010). The Criti-
cal Materials Energy Innovation hub was established recently to
address challenges in mineral processing, material substitution,
and reuse and recycling (EERE Network News, 2012; Goldman,
2014).
Although many REEs are critically important to sustainable
mobility and energy supply, production of REEs itself incurs sig-
nificant environmental damages (Schüler et al., 2011; Ali, 2014).
The Mountain Pass mine in California, which operated by Moly-
Corp and dominated the world REE production for decades
(accounting for 70% of the world’s supply in the 1970s and 1980s),
closed in 2002 (Bourzac, 2010; Chakhmouradian and Wall, 2012;
Shujing, 2013). One of the two major causes of this closure is envi-
ronmental issues with the other being intensive price competition
from Chinese producers (Meyer and Bras, 2011; Schüler et al.,
2011; Fuerstenau, 2013).
Frontiers in Energy Research | Energy Systems and Policy November 2014 | Volume 2 | Article 45 | 2
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Navarro and Zhao LCA of REEs for energy applications: a review
Similarly, large scale REE production in China has raised serious
environmental concerns, particularly with regards to heavy metal
and radioactive emissions in groundwater, river ways, soil, plants,
and the atmosphere around mine sites (He et al., 2004; Liang et al.,
2014). The Chinese Society of Rare Earths, estimate that a ton
of REE produces 8.5 kg of fluorine and 13 kg of flue dust, while
refining with H2SO4 generates 9,600–12,000 m3 of gas containing
flue dust concentrate, HF, SO2, and H2SO4 (Paul and Campbell,
2011; Sonich-Mullin, 2012). Other estimates indicate that produc-
ing one ton of REEs creates 60,000 m3 of gases mixed with H2SO4
and HF, 200 m3 of acid water, and 1.4 tons of radioactive waste
(China Daily, 2009; Blakely et al., 2012). In addition, long-term
mining dust inhalation can cause pneumoconiosis (black lung)
(Hirano and Suzuki, 1996; China Daily, 2009). For example, the
city of Baotou, located 120 km from the Bayan Obo mine, has
had considerable pollution issues due to the nearby REE process-
ing facilities (The Guardian, 2012). The Chinese government has
cited environmental damage as one of the major drivers to close
heavy pollution facilities and limit production (Blakely et al., 2012;
Ting and Seaman, 2013). Overall, production of REEs involves
a large number of process steps, out of which many incur sig-
nificant material/energy consumption and environmental release
(Golev et al., 2014). A comprehensive assessment of the environ-
mental impacts represents a key first step toward reducing the
environmental damage of REE production.
Currently, the most widely accepted (and arguably the most
objective) methodology for environmental sustainability assess-
ment is life-cycle assessment (LCA) (Ness et al., 2007; Evans et al.,
2009). In recent years, LCA has become a core tool in sustain-
able product development and environmental policy making for
companies and governments all over the world (Guinee et al.,
2010). This paper starts by providing a brief overview of the
LCA methodology, followed by a concise introduction of major
REE production routes with a focus on material/energy flows and
environmental emissions. Published LCA studies related to REEs
are then reviewed to identify knowledge gaps and future efforts
needed.
OVERVIEW OF LIFE-CYCLE ASSESSMENT
In short, LCA takes a holistic approach and provides a complete
view of the environmental impacts over the entire life cycle of a
process or product, from raw material extraction and acquisition,
manufacturing, transportation and distribution, use and mainte-
nance, reuse and recycle, and all the way to disposal and waste
management (Curran, 2006; Lehtinen et al., 2011; Lizin et al.,
2013). LCA avoids shifting environmental consequences from one
life-cycle stage to another, from one geographic area to another,
and from one environmental medium to another. LCA has been
used to study the environmental impact of energy technologies
such as electric vehicles, solar photovoltaics, wind turbines, etc.
(Samaras and Meisterling, 2008; Martinez et al., 2009; Tremeac
and Meunier, 2009; Garrett and Rønde, 2013; Lizin et al., 2013).
ISO 14040 and 14044 developed by the International Standards
Organization provide principles and guidelines for evaluating
environmental impacts of products using LCA (Suh and Hup-
pes, 2005; Finkbeiner et al., 2006; ISO, 2006; Ness et al., 2007).
According to ISO 14040, a typical LCA can be carried out in four
FIGURE 1 | Four main steps for LCA (ISO, 2006; Guinee et al., 2010).
interdependent steps: goal and scope definition, life-cycle inven-
tory (LCI), life-cycle impact assessment (LCIA), and interpretation
of results (Figure 1) (Curran, 2006; Lizin et al., 2013; Weidema
et al., 2013). It should be noted that several iterations are gener-
ally needed when conducting an LCA (shown as the bi-directional
arrows in Figure 1).
GOAL AND SCOPE
The first step of an LCA is to define the goal and scope. This step
includes specifying the goal, the intended application, the reason
for which the study will be conducted, and the audience to whom
the results will be communicated. Given the goal of the study, the
scope should be defined in a way such that the breadth, depth,
and detail are consistent with the stated goal. In general, the scope
defines the product system of interest, the function delivered by
the system, the system boundary, data requirements, environmen-
tal impacts considered, and methodology of impact assessment,
limitations, and assumptions of the study. To ensure comparabil-
ity of LCA results, a functional unit must be defined during the
goal and scope definition stage. According to Lehtinen et al. (2011),
a functional unit is a unit of service used to measure what will be
delivered by the product or process.
LIFE-CYCLE INVENTORY ANALYSIS
Life-cycle inventory analysis is a technical, data-based process of
quantifying energy and raw material requirements, and emissions
over the entire life-cycle of the product or process in order to
deliver the service defined by the functional unit. The LCI is a crit-
ical component as it is the data foundation of the LCA study. The
approach adopted by ISO 14044 is to compile the inventory based
on the inputs and outputs from each of the processes (referred to as
unit processes) involved in a product’s life cycle (Suh and Huppes,
2005; EU Commission, 2010). For this reason, having transparent,
up-to-date information for the LCI is highly desirable. The LCI
can establish baseline information for improvement, rank contri-
butions from an individual process or life-cycle stage, and identify
data gaps.
For an actual product system, an LCI analysis can be time
and resource demanding. When a unit process-based approach is
adopted, it is common to apply certain cutoff criteria to make the
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system more tangible given the constraints on time and resources.
The cutoff can be done based on mass or energy balance. For
example, all the material inputs to a product system can be ranked
based on their mass and a mass-based cutoff with 90% balance
will exclude the inputs at the bottom of the ranked list (i.e., those
adding up to 10% of total mass) from the inventory analysis.
Many industrial processes deliver more than one product. An
important aspect of LCI analysis is how to treat co-products. ISO
standards recommend system expansion, which treats co-products
as avoided burden. This approach requires inventory data for
processes that deliver the co-products of interest as their main
products, thus additional efforts are needed. It should be noted
that system expansion is not always possible as the “avoided” pro-
duction process for co-products of interest may not exist in reality.
As an alternative, allocation based on mass, energy, or economic
value can be used.
To facilitate inventory analysis, many LCI databases have been
developed. These include Ecoinvent, GaBi, SimaPro, ELCD, and
US LCI. These databases have a decent coverage on processes, and
efforts are being made to further expand their coverage. As an
alternative to the unit process-based inventory analysis, LCI can
also be developed based on economic flows in and out of a prod-
uct system. The approach, referred to as Economic input–output
LCA, relies on an economic input–output table and sector level
environmental emissions (Hendrickson et al., 1998; Curran, 2006;
Samaras and Meisterling, 2008). EIO-LCA requires much less time
and effort for inventory analysis, but the inventory derived is highly
aggregated and only has sector level resolution, which may not be
sufficient for many applications.
LIFE-CYCLE IMPACT ASSESSMENT
The LCIA step of an LCA study is used to evaluate the signifi-
cance of potential environmental impacts using inventory data,
and providing information for the interpretation step. This is gen-
erally done through classification, i.e., associating inventory data
with environmental impact categories and characterization, i.e.,
calculating the impacts using characterization models and pre-
senting the results as magnitude of category indicators (ISO, 2006;
Lehtinen et al., 2011). Many LCIA methodologies have been devel-
oped,e.g.,CML,Eco-indicator, ReCiPe,and TRACI (Hischier et al.,
2010). These methodologies may classify environmental impacts
into different categories and the common impact categories con-
sidered include global warming, ozone depletion, acidification,
eutrophication, photochemical smog, fossil fuel depletion, mineral
depletion, terrestrial/aquatic toxicity, human health risks, land use,
and water use (Garrett and Rønde, 2013; Adibi et al., 2014). The
category indicator results can be further normalized, grouped, and
weighted to derive a single score of environmental performance.
When conducting the LCIA, either midpoint or endpoint char-
acterization can be used. As the names imply, midpoint assess-
ment stops at the midpoint of the cause-effect chain. It is largely
problem-oriented, rather than damage-oriented as in the case of
endpoint assessment (Pre Consultants, 2014). For example, when
evaluating the impacts of global warming, midpoint assessment
measures global warming potential, i.e., the relative potency of
different greenhouse gases such as carbon dioxide, methane, and
nitrous oxide, and reports the results in term of kg CO2-equivalent.
On the other hand, endpoint assessment will quantify the environ-
mental damages caused by greenhouse gases in term of flooding,
extinction of species, and human lives lost. Endpoint assessments
are easier to understand for the general public, but carry a higher
uncertainty (mainly due to the complexity of modeling and value
choices) when compared to midpoint assessments.
INTERPRETING THE RESULTS
The last step in an LCA study is the interpretation of results.
The findings from the LCI and LCIA are considered together. The
results will be discussed and summarized in the form of conclu-
sions and recommendations, and presented to decision makers
(Lehtinen et al., 2011). It is very important that the findings
should be consistent with the goal and scope defined earlier. If
any discrepancies arise, iterative reviewing and revising of the
goal and scope, and subsequently LCI and LCIA steps may be
required.
Lastly, an uncertainty analysis plays a substantial role in LCAs.
With data coming from different sources and the lack of represen-
tativeness for many industries, relying on a simple point estimate to
draw conclusions and recommendations can be considered ques-
tionable. An uncertainty analysis provides decision makers a better
understanding of the reliability and level of confidence of the
results. Furthermore, uncertainties exist with regard to the level
of technology penetration and selection of technologies, which
are usually handled with a scenario analysis.
MAJOR REE PRODUCTION PATHWAYS
REE RESOURCES AND RESERVES
Rare-earth elements are widely distributed throughout the world
(Liu and Bongaerts, 2014). These elements are actually not rare,
but they are difficult to extract and purify given their low con-
centrations in ores. Globally, they are found in concentrations of
around 0.8%, which is larger than copper and lead reserves (Fou-
quet and Martel-Jantin, 2014; Liang et al., 2014). The most abun-
dant REE is Ce (60 ppm), while the least plentiful are Tm and Lu
(0.5 ppm), which are still more abundant than gold (0.001 ppm)
(Emsley, 2011; Kifle et al., 2013; Lewis and Jiménez-Villacorta,
2013; Massari and Ruberti, 2013).
It is estimated that there are 110 million tons of rare-earth
oxides (REOs) reserves worldwide (United States Geological Sur-
vey, 2013; Liu and Bongaerts, 2014). Between the years 1995 and
2007, the in-use stock of REOs increased from 80 to 120 million kil-
lograms per year, with some REEs (Sm, Gd, Dy, Er, and Yb) tripling
in the same time span (Du and Graedel, 2011a). While many coun-
tries have significant reserves of REEs, China provided approxi-
mately 95–97% of global REEs in 2011, falling to 85% by 2012
(Schüler et al., 2011; Chakhmouradian and Wall, 2012; Sonich-
Mullin, 2012; United States Geological Survey, 2013). Additionally,
over 90% of REE purification occurs in China. (Dobransky, 2012;
Kynicky et al., 2012; Massari and Ruberti, 2013; United States
Geological Survey, 2013; Yang et al., 2013).
The major types of REE ores are bastnasite, monazite, xenotime,
and ion-adsorption clays (Golev et al., 2014; Liu and Bongaerts,
2014). A summary of the compositions, reserve amounts, and
main reserve locations for the four major REE minerals can be
seen in Table 2. Bastnasite is the most common REE containing
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Table 2 | Major REE containing minerals and locations (Gupta and
Krishnamurthy, 2005).
Mineral Composition REOs by % Main
reserve
location
Bastnasite
(carbonate–
fluoride)
(Ce,La,Pr) Ce2O3 36.9–40.5 Bayan Obo
(CO3)F (La,Pr,. . .)2O3 36.3–36.6 Mountain
pass
Monazite
(phosphate)
(Ce,La. . .)PO4 (Ce,La,. . .)2O3 50–68 Bayan Obo
Xenotime
(phosphate)
YPO4 Y2O3 52–62 Malaysia
Ion-adsorption
clays
2(Kaolin)3− HREE 0.05–0.2 Southern
ChinaRE3+
mineral. Xenotime is usually found along with monazite (Jordens
et al., 2013), but is not currently mined at a significant level.
REE ORES PROCESSING ROUTES
As can be seen in Figure 2, the major steps in the processing of
REEs ores include: mining, beneficiation, chemical treatment, sep-
aration, reduction, refining, and purifying. The first step is to mine
ores with REO concentration varying from 0.05 to 10%, depend-
ing on the mine site and ore types (Fuerstenau, 2013; Golev et al.,
2014). The methods for mining REEs ores can vary from placer
mining, underground mining, open pit mining, and in situ mining
(Walters et al., 2010; Sonich-Mullin, 2012). The majority of LREEs
and HREEs are produced via open pit mines and in situ mining,
respectively (Yang et al., 2013).
In step two, a physical beneficiation processes separates the RE
minerals from gangue minerals to produce a RE mineral con-
centrate (Zhang and Edwards, 2013). The resulting concentration
is approximately 50% REOs (Gupta and Krishnamurthy, 2005).
There is little or no beneficiation needed for ion-adsorption clays,
given the way the REE minerals are presented in the ore (Jordens
et al., 2013).
The beneficiation process can include: grinding, sifting, gravita-
tional separation, magnetic separation, and froth flotation. Froth
flotation is widely used given its ability to process a wide range
of ore particle sizes (Jordens et al., 2013). Some processes, such
as gravitational separation, have little heating requirement and do
not require chemicals, making their environmental impact min-
imal (Falconer, 2003). Common collectors for bastnasite froth
floatation include hydroxamats, fatty acids, dicarboxylic acids, and
organic phosphoric acids (Jordens et al., 2013). Depressants com-
monly used include sodium silicate, sodium hexafluorosilicate,
lignin sulfonate, and sodium carbonate (soda ash or Na2CO3)
(Jordens et al., 2013). Monazite flotation uses minerals such as
ilmenite, rutile, quartz, and zircon, while the depressants include
sodium silicate, sodium sulfide, and sodium oxalate (Jordens et al.,
2013). In many operations, there are large tailings ponds with
wastes from the various processes (Walters et al., 2010). The mix-
ture of wastewater, chemicals used for processing, and ground-up
materials (including heavy metals) carry a major environmental
impact (Schüler et al., 2011). In addition, these wastes include
radioactive elements such as thorium (Th) and uranium (U)
(Chen, 2011; de Boer and Lammertsma, 2013).
Step three and four of the REE processing route involves chem-
ical treatment (or “cracking”) and separation. REE minerals (in
the form of fluorocarbonates and phosphates) have to be con-
verted to carbonates or chlorides before separation can be done
via ion exchange or solvent extraction (McGill, 2000). Chem-
ical treatment of the concentrates will also remove impurities
and increase REOs concentration to around 90%. The chemical
treatment process reagents can include inorganic acids [sulfu-
ric acid (H2SO4), hydrochloric acid (HCl), and HNO3], alkalis
(NaOH and Na2CO3), and electrolytes ((NH4)2SO4, NH4Cl, and
NaCl). H2SO4 and the alkalis are mainly used for phosphate
and carbonate–fluoride ores like monazite and bastnasite (Zhang
and Edwards, 2013). High temperature acid roasting is a com-
mon practice used in China, emitting fluoride (HF), sulfur diox-
ide (SO2), sulfur trioxide (SO3), and silicon tetrafluoride (SiF4)
(Zhang and Edwards, 2013). A water scrubber (which collects
impurities extracted by solvent) is used to capture most exhaust
gases. Typically, HF, H2SO4, and H2SiF6 can be recovered in the
initial scrub and a second scrubber using diluted Na2CO3 solu-
tion is used to purify the exhaust as it is being released (Zhang and
Edwards, 2013).
Step four of the process involves separation to get individual
REOs, for which solvent extraction is commonly used (Fuerste-
nau, 2013). This process utilizes the small differences in basicity,
and through this step, the REO content can be in excess of 99%
(Gupta and Krishnamurthy, 2005). However, since the differences
in basicity among REEs are small, separation for individual REOs
is both time and cost intensive. Multiple stage solvent extraction
is a very common procedure, and the following scheme is typi-
cally used: separation of REO in trivalent stage, fractionation of
REOs into three or four groups, separation of Y, extraction of Ce
(Ce4+) and Eu (Eu2+), and separation of desired individual REO
(Gupta and Krishnamurthy, 2005). Common extractants used in
industry include di-2-ethylhexyl-phosphoric acid (D2EHPA or
P204) and 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester
(HEH/EHP or P507) (Chang et al., 2010; Radhika et al., 2011;
Wang et al., 2011, 2014). Another process for REO separation is
ion exchange that can be used to get REOs with purities exceeding
99.9999%, but it is less economical (McGill, 2000).
Step five involves the reduction, refining, and purifying of the
REEs. Reduction is the processes where the REE is derived from
the REO compound (Gupta and Krishnamurthy, 2005). On an
industrial scale, this is generally achieved through metallothermic
reduction in molten salt or fused salt electrolysis (electrowinning).
Finally, the refining and purifying stage can involve fused salt elec-
trolysis, molten salt oxide reduction, metallothermic reduction,
zone melting, solid state transport (solid state electrolysis), etc.,
where the REE purity can reach 99.99+%. High purity REEs can-
not be achieved through one refining technique as a sequence of
processes has to be applied (Gupta and Krishnamurthy, 2005).
There are three major mining sites for REEs: Bayan Obo, Moun-
tain Pass, and Southern China (Eggert et al., 2008; Kynicky et al.,
2012). Although, overall the production route at each site is similar
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FIGURE 2 | General processing routes for REE ores.
to that presented in Figure 2, ores at each site have different com-
position and the process routes deviate from Figure 2 to different
extents (except for Step 5). In the following sections, description
of the three major process routes are provided with particular
attention paid to material/energy consumptions and environmen-
tal releases associated with each process step. It should be noted
that these three processing routes are the most widely studied
throughout literature.
Processing route at Bayan Obo mine
The Bayan Obo mine in Inner Mongolia, China has the largest
reserves of REEs in the world, and accounts for 83.7% of Chinese
reserves (Walters et al., 2010; Yang et al., 2013). The Bayan Obo
mine contains bastnasite and monazite with approximately 4.1%
REOs (Peiró and Méndez, 2013; Yang et al., 2013). In the Bayan
Obo route, the REEs are by-products of iron ore extraction,and per
350 kg of iron mined 60 kg of REOs and 1.3 kg niobium are pro-
duced (Ayres and Peiró, 2013). At Bayan Obo, the ore is mined with
electric shovels, rail haulage, and shipped via 150 km of railroad to
milling and processing facilities in the city of Baotou (Castor and
Hedrick, 2006). Norgate and Haque (2010) concluded that for iron
ore mining the total greenhouse gas emissions are 11.9 kg CO2-
eq/ton. Considering that REEs are by-products, allocation should
be used to determine the impact of REEs (Martinez et al., 2009).
For the Bayan Obo ores, there are mainly six different benefi-
ciation routes being used (Wu, 2005). A typical route is shown in
Figure 3, which begins with at least 90% of the ore being ground
to less than 74µm in preparation for the froth flotation process.
Na2CO3 is used as a pH regulator with Na2SiO3 as the depres-
sant of iron minerals and silicates and paraffin soap as a collector
(Gupta and Krishnamurthy, 2005). The depressed iron minerals
and silicates, which remain at the bottom of the flotation cells, are
taken for iron beneficiation and niobium recovery. After eliminat-
ing the surplus fatty acid collector by thickening and desliming,
selective REO flotation is carried out. This is accomplished with
Na2CO3 as the pH regulator, Na2SiO3 and Na2SiF6 as gangue
depressants, and hydroxamic acid as the collector. The depressed
calcite, fluorite, and barite settle to the cell bottom. After selec-
tive flotation, the rougher concentrate contains around 45% REO
containing both monazite and bastnasite. The recovery of REO
at this stage is approximately 80%. The final treatment includes
cleaning or high intensity magnetic separation. This results in
two concentrate fractions with the primary bastnasite having 68%
REO concentrate and a secondary monazite containing 36% REO.
The total recovery rate of REOs from the ore is around 61%, i.e.,
bastnasite at 25% and the monazite at 36%. After the flotation
process, it is estimated that 80.63% of thorium, a radioactive ele-
ment, remains in the tailings and 1.83% is in the REE concentrate
(Liu and Bongaerts, 2014).
Gupta and Krishnamurthy (2005) and Wu and Bian (2012)
provide an example for the Bayan Obo process for “cracking” the
REE minerals (Figure 4). The REE concentrates from beneficia-
tion is processed using 98% H2SO4 being heated to 750°C in a
rotary kiln. The roasting process breaks down the flurocarbonate
content, while HF, CO2, and SO2 are released. The roasting residue
is leached with water to dissolve rare-earth sulfates and the solu-
tion is then neutralized with MgO and FeCl3, leaving a residue
containing Th. The purified leachate proceeds to be precipitated
with ammonium bicarbonate (NH4HCO3). According to Schüler
et al. (2011), chemical treatment to obtain 92% REO consumes
between 1 and 1.2 tons of NH4HCO3. Next, it proceeds to water
rinsing and filtration, releasing treated effluent into a nearby body
of water, and resulting in REO carbonate. The major reactions are
described in Eqs 1–6 (Gupta and Krishnamurthy, 2005; Zhang and
Edwards, 2013).
2 RE (CO3) F+ 3H2SO4 → RE2(SO4)3 + 2 HF ↑
+H2O ↑ +CO2 ↑ (1)
2 REPO4 + 3H2SO4 → RE2(SO4)3 + 2H3PO4 (2)
ThO2 + 2H2SO4 → Th(SO4)2 + 2H2O ↑ (3)
2 U3O8 +O2+ 6H2SO4 → 6UO2SO4 + 2H2O (4)
RE2O3 + 3H2SO4 → RE2(SO4)3 + 3H2O ↑ (5)
RE2(SO4)3 + 3NH4HCO3 → RE2(CO3)3 ↓ +3NH4HSO4 (6)
In addition to produce REE carbonates, the purified leachate
can also go through Sm/Nd grouping. Figure 5 shows a typical
Sm/Nd grouping procedure given by the China Beneficiation Tech-
nology Network (2009). In this grouping procedure, diluted P204
is used as the solvent and HCl is used to strip the loaded organic
phase. The Sm group REEs (i.e., Sm, Eu, and Gd), are stripped
first and then precipitated from strip liquor using NH4HCO3.
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FIGURE 3 |Typical beneficiation route for Bayan Obo REE ores (Gupta and Krishnamurthy, 2005).
The depleted aqueous phase (raffinate) contains REEs of La to Nd
and goes through another round of solvent extraction. After HCl
stripping, the strip liquor contains these REEs and further evapo-
ration produces REE chlorides. To achieve individual REE of high
purity, solvent extraction has to be repeated many times. Li et al.
(2000) stated that separation for the Bayan Obo route can have
more than 100 stages. Usually, mixtures of REE chlorides are used
as feed to the solvent extraction process.
Processing route at Mountain Pass mine
The second largest REE mine, Mountain Pass mine in California
contains an estimated 28 million tons of REO reserves (Kanazawa
and Kamitani, 2006). The Mountain Pass mine’s main mineral
is bastnasite containing between 5 and 10% REOs (Kanazawa and
Kamitani, 2006; Fuerstenau, 2013). The mining for bastnasite from
the Mountain Pass site varies from the Bayan Obo route, because
the REEs are the only minerals of interest. Mining is done through
the traditional open pit mining practices of drilling, blasting,
loading, hauling, and milling (Gupta and Krishnamurthy, 2005).
Mining wastes include soil storage piles, overburden, ore, and sub
economic ore storage, as well as waste rock, which accounts for eas-
ily over 90% of the material extracted (Sonich-Mullin, 2012). The
processing facilities for the ores are located near the extraction site.
The Mountain Pass facility has a different physical beneficiation
process (Figure 6) given REE minerals are the sole interest (Gupta
and Krishnamurthy, 2005). According to Fuerstenau (2013) and
Gupta and Krishnamurthy (2005), the process begins with an ore
averaging 10% of bastnasite and containing 7% REO. After the
mineral is crushed and grounded, the mixture goes to six different
conditioning treatments before entering a rough flotation process.
Conditioning is carried out with steam being bubbled through the
pulp. In the first stage, Na2CO3 (2.5–3.3 kg/ton), sodium fluosil-
icate (0.4 kg/ton), and steam are added to the pulp. The second
stage is steam conditioning of the pulp. Ammonium lignin sul-
fonate (2.5–3.3 kg/ton) is added in the presence of steam in the
third tank. The next three stages involve the conditioning of the
pulp with steam, steam, and distilled tall oil C-30 (0.3 kg/ton) and
steam, respectively.
After conditioning, the pulp containing 30–35% solids at pH
8.8 is pumped to the rougher cells. This is carried out in 12 flotation
cells with capacities of 1,700 L with the final tails contain an aver-
age of 1–2% REO. The rougher concentrate assaying 30% REO, is
then subjected to four states of cleaning at 50% solids where the
tailings are recirculated. The flotation concentrate is thickened, fil-
tered, dried, and packaged, to achieve a final concentrate assaying
60% REO, with an overall recovery of 65–70% of the rare earth.
Finally, the concentrates are calcined and then treated with HCl
(McGill, 2000).
Next, according to Fuerstenau (2013) and Gupta and Krish-
namurthy (2005), the 60% REO bastnasite concentrate is
leached with 10% HCl in 1.8 m-diameter leaching tanks. The
corresponding reactions could be described in Eqs 7–9. Ca and
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FIGURE 4 | Chemical treatment of REE concentrates from Bayan Obo mine (Gupta and Krishnamurthy, 2005).
Sr carbonates are thus removed, and the final leached product
contains as high as 72% REO. Leached concentrates can be fur-
ther calcined in roasters to remove CO2 to produce a 90%+ REO
product.
REF3 − RE2(CO3)3 + 9HCL→ REF3 + 2RECl3
+ 3HCl + 3H2O+ 3CO2 (7)
REF3 + 3NaOH→ RE(OH)3 + 3NaF (8)
and
RE(OH)3 + 3HCl→ RECl3 + 3H2O (9)
Gupta and Krishnamurthy (2005) also provide an example for
separation of the Eu2O3 (Figure 7). This process starts with a chlo-
ride solution of 100 g REO/L and 0.2 g Eu2O3/L containing all the
REEs except Ce. The solution is clarified and the pH is adjusted to
1.0 with Na2CO3. Next, it is steam heated to 60°C, clarified again,
and put through a Eu recovery circuit. The solvent used is 10%
P204 in kerosene with the extraction taking place in five mixer
settler stages, and the loaded organic stripped with 4 M HCl. The
stripped solution containing 10–20 g Eu/L, also contains Fe that is
precipitated out at 3.5 pH with Na2CO3.
Following the Fe removal, the solution goes through more sol-
vent extraction with P204 in another five mixer settler stages. This
further purifies the Eu REO, leaving LREE in the remaining liq-
uid, which can be precipitated using NH4 and NaHS. Now, the Eu
in the organic is stripped with 5 M HCl. The solution is passed
through a column of Zn–Hg mixture to reduce Eu3+ to Eu2+, i.e.
the trivalent and divalent oxidation states, respectively, where there
are valence electrons. Next, H2SO4 is added to the Eu2+ solution to
precipitate Eu sulfate. Reduction and selective precipitation purify
Eu from the HREEs, and more than 99.99% Eu REO is obtained
by calcination. After Eu removal, the solution still contains Sa, Y,
and HREEs. Ga is extracted from this solution by P204 in a 10-
stage extraction circuit followed by five stages of stripping. Finally,
the remaining liquid is neutralized with Na2CO3 to precipitate Sa
and the HREEs. Similar processing route exists for yttrium sep-
aration. Overall, to retrieve individual REEs, multi-stage solvent
extraction is needed. Here, the approach at Mountain Pass is simi-
lar to that adopted at the Bayan Obo processing route. It should be
noted that Molycorp predicted that after renovating their mining
facilities their annual operations would produce 67.67 ton/year of
CO2 emissions, 20.66 ton/year of VOC emissions, 282.3 ton/year
in NOx emissions, and 2.23 ton/year in SOx emissions (Meyer and
Bras, 2011).
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FIGURE 5 | Sm/Nd grouping used by Bayan Obo mine (China BeneficiationTechnology Network, 2009).
FIGURE 6 | Beneficiation and chemical treatment at mountain pass mine (Gupta and Krishnamurthy, 2005).
Processing route for ion-adsorption clay in Southern China
The ion-adsorption ores are mainly mined and processed in
seven provinces of southern China, representing 2.9% of reserves
(Schüler et al., 2011; Yang et al., 2013). The REEs in ion-
adsorption ores are adsorbed on the surface of clay minerals
with REO concentration 0.05–0.2% (Kanazawa and Kamitani,
2006; Moldoveanu and Papangelakis, 2012; Golev et al., 2014).
Although the grade of ion-adsorption ores seems low, the ion
state of REEs makes extraction and processing easier. In addi-
tion, ion-adsorption ores contain high concentrations of HREEs.
For example, ion-adsorption clay at Longnan, Jiangxi Province has
6.7% Dy and 65%Y, which are much higher than the bastnasite and
monazite (Gupta and Krishnamurthy, 2005). In general, the ores’
location is much closer to the surface than in the case of Bayan Obo
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FIGURE 7 | Separation of Eu2O3 and other REEs at mountain pass mine (Gupta and Krishnamurthy, 2005).
and Mountain Pass. Given the differences in formation of the ion-
adsorption clays, leaching is usually adopted instead of open pit.
In situ leaching has become the major technology, replacing heap
leaching and pool leaching due to its improved environmental per-
formance (Yang et al., 2013). This process involves injecting fluid
into the ground and pumping out liquid mixture (see Figure 8).
The in situ mining techniques are better suited for the softer clays
(Walters et al., 2010).
According to Yang et al. (2013), the in situ leaching requires
the removal of one-third of the topsoil. It requires drilling of
holes with a diameter of 0.8 m, depth of 1.5–3 m, and distance
of 2–3 m in between holes. The concentration of the leaching
solution is generally 3–5% ammonium sulfate (NH4)2 SO4 and
it takes 150–400 days for REE containing slurry to be produced.
An example for the leaching technique of extracting REEs using
an aqueous electrolyte solution ((NH4)2 SO4) by ion-exchange
reaction is given by Eq. 10 (Yang et al., 2013). Leaching can
be carried out using other concentrated inorganic salt solutions,
such as of Na2SO4, NH4Cl, and NaCl (Moldoveanu and Papan-
gelakis, 2012). Each mine requires a dedicated in situ leaching
program based on a geological survey. When leaching is done,
fresh water is injected to drive out the remaining REE-bearing
solution. This also reduces contamination to groundwater. The
leachate is usually treated either with NH4HCO3 or H2C2O4 to
precipitate REEs. At some mining sites, a rough solvent extraction
is used with naphthenic acid as solvent.
2(Kaolin)3−RE3+ + 3(NH4)2SO4 → 2(Kaolin)3−(NH4)3+
+ RE23+(SO4)32− (10)
For ion-adsorption clays, there exist little uranium and thorium
wastes. However, there are other pollutants, e.g., groundwater pol-
lution (Kynicky et al., 2012). According to Yang et al. (2013), in situ
leach mining produces 7,000 m3 of drilling slurry/ha and one-
third of the vegetation is typically cleared. Other environmental
issues include landslides,mine collapses, and water contamination.
The water contamination contributes to an increased pH level,
electrical conductivity, and total dissolved solids. It is reported
that there are increased concentrations of 3.5–4.0 g/L (NH4)2 SO4
in the groundwater and concentrations in the surface water of
0.08–0.16 g/L NH4+ and 0.02 g/L REEs. While sulfate and other
pollutants directly cause environmental degradation, capillary
forces surrounding the leaching holes attract high concentrations
of leaching solution back to the topsoil layer, destroying surface
vegetation and making rehabilitation more difficult. According to
Zhou (2012), the inputs per ton of REOs, with high concentrations
of Y and Eu extracted via in situ leaching in southern provinces
of China, include 5.2 tons of (NH4)2 SO4, 2.2 tons of ammonium
carbonate ((NH4)2CO3), 0.5 tons of H2SO4, and 400 kWhr of
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FIGURE 8 | In situ leaching of ion-adsorption clay in Southern China (Wu, 2005).
electricity. Also, they state NH4 concentrations up to 3.5–4.0 g/L
with the wastewater remaining in situ being about 0.2 m3/ton.
The separation process for the ion-adsorption route is similar
to that of the Bayan Obo route. That is, multi-stage solvent extrac-
tion is needed to produce individual REEs with high purity. Given
the scale of most ion-adsorption clay mining activities, this usually
happens at centralized facilities.
REO REDUCTION, REFINING, AND PURIFYING
After the separation process, REOs enter the reduction, refining,
and purifying processes. The final step for the reduction of REEs
is transitioning from a highly pure REO to a REE or a rare-earth
metal (REM) (Waseda and Isshiki, 2002). Here, the process routes
for Bayan Obo, Mountain Pass, and ion-adsorption, do not vary.
Purities vary by stage and can get to 99.99% or greater depending
on the element and application (Blakely et al., 2012). For reduc-
tion, there are several processes that can be used to produce REEs
of different purities. These processes include the reduction of
anhydrous chlorides or fluorides, reduction of REOs, and fused
salt electrolysis of chlorides or REO-fluoride mixtures (Gupta and
Krishnamurthy, 2005).
Gupta and Krishnamurthy (2005) give an example of a met-
allothermic reduction in molten salt for Nd2O3. This is accom-
plished with a Ca in a CaCl2-NaCl melt at temperatures between
710 and 790°C. The REM was recovered from the CaCl2-NaCl
melt by extraction into a molten Nd-Zn alloy pool. Subsequently,
the Zn was removed from the alloy by vacuum distillation, since
Nd melts at 1021°C and Zn boils at 907°C. The corresponding
reactions are described in Eqs 11–14.
Nd2O3 + 6Na→ 3CaO+ 2Nd (11)
CaCl2 + 2Na→ Ca + 2NaCl (12)
Nd2O3 + 3CaCl2 + 6Na→ 3CaO+ 2Nd + 6NaCl (13)
or
Nd2O3 + 3Ca→ 3CaO+ 2Nd (14)
For refining and purifying REEs, the processes of molten salt
electrolysis, solid state electrotransport (SSE), zone melting (zone
refining), etc. have been used where no single technique will yield
pure REEs (Isshiki, 1996; McGill, 2000; Gupta and Krishnamurthy,
2005). The level of purity desired depends on the application,
where the purity needed for certain products may prove inade-
quate for others. A method for the further purification of Nd can
be accomplished through zone melting and SSE (Isshiki, 1996).
According to Gupta and Krishnamurthy (2005), the process begins
with a bar of Nd weighing approximately 92 g. It is degassed in a
water cooled copper crucible and filled with purified Ar. The Nd
is subjected to 25 molten zones at a rate of 0.117 m/h. During
this process, the beginning of the rod is thicker than the end, so it
is removed, shaped, and the ends are cropped. Next, it is cleaned,
placed in the crucible, degassed with Ar, and 14 more molten zones
are passed. After the removal process is repeated, the bar is further
shaped, the ends are re-cropped, and the middle portion is ready
to proceed to SSE.
Gupta and Krishnamurthy (2005) describe the process for SSE,
where the bar is subjected to a direct current passed through the
metal held by two electrodes under purified Ar. The impurities
are susceptible to transporting to one side of the bar (cathode
end to anode end), leaving the remaining piece with a higher
purity. Initially, the sample is outgassed in a vacuum at 830°C
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for 144 h. Next, the sample is put under 50× 103 Pa purified Ar
at temperatures greater than 863°C, 820–863°C, and 800°C for a
total of 775 h. The anode end containing the impurities is cut off,
and it is processed with under vacuum again. The run lasts for
1060 h, with 412 h being greater than 863°C. The resulting purity
is approximately 99.97%.
REVIEW OF LCA STUDIES ON REEs
As shown in Section “Major REE Production Pathways,” there is
significant amount of literature describing the material and energy
inputs of process steps involved in representative REE production
pathways. However, it should be noted that the data and informa-
tion reported for the Mountain Pass pathway are over 20 years old.
On the other hand, the description of production pathways used in
China reflects more recent practices. Unfortunately, emissions and
environmental damages associated with these pathways are rarely
quantified or at best discussed in an anecdotal manner. For all
pathways, only aggregated environmental emissions are reported,
i.e., at facility level instead of process level. All of these make it
challenging to conduct an LCA study. As a result, to date only a
handful of LCA studies on REE production have been conducted.
In the following paragraphs, these LCA studies will be critically
reviewed.
The datasets in the Ecoinvent database (Ecoinvent v2.0 and
subsequent v2.2 and v3.0) represent probably the first LCA study
related to REEs (Althaus et al., 2007), which examines the environ-
mental impacts of the Bayan Obo pathway. As shown in Figure 9,
the study covers mining, physical beneficiation, cracking, and sol-
vent extraction while leaving out REM refining and purification.
Correspondingly, six unit processes/datasets are included: rare-
earth concentrate, 70% REO, from bastnasite, at beneficiation/CN;
Cerium concentrate, 60% Cerium oxide, at plant/CN; neodymium
oxide, at plant/CN; samarium–europium–gadolinium concen-
trate, 94% rare-earth oxide, at plant/CN; lanthanum oxide, at
plant/CN; and Praseodymium oxide, at plant/CN. The first unit
process includes mining and physical beneficiation, while the
remaining five unit processes cover the cracking and the multi-
stage solvent extraction process. Here, the geographical code “CN”
represents production in China.
The Ecoinvent datasets were developed by aggregating data
from literature and stoichiometric estimations. Energy use, chem-
ical consumption, transportation, and infrastructure are all con-
sidered when developing inventory data. Due to the quality and
availability of data, the study has the following limitations:
• Ore composition. The REO composition used in the study is
slightly different from the average of bastnasite at Bayan Obo.
It seems that the composition is based on annual production
weighted average of Bayan Obo and Mountain Pass. In addi-
tion, it should be noted that although it is claimed that the study
investigates the Bayan Obo pathway, the ores processed at Bayan
obo are actually mixture of bastnasite and monazite.
• Mining process. At Bayan Obo, REO ores are co-products of
iron ore mining. However, this is not considered in the study.
Process energy consumption was estimated using phosphate
rock mining data based on the mass of crude ore recovered. The
explosives’ consumption as well as air emissions were assumed to
FIGURE 9 | System boundary for REO production from bastnasite as in
Ecoinvent Database (Althaus et al., 2007).
be the same as iron ore mining. The radioactive emissions were
estimated based on Mountain Pass data, while the ores mined
at Bayan Obo contain a higher concentration of radioactive
elements (Gupta and Krishnamurthy, 2005).
• Physical beneficiation. Again, energy consumption in the form
of electricity, heat, and steam was assumed to be the same
as phosphate rock beneficiation. Chemicals usage, water con-
sumption, and water emissions were estimated based on those
reported for the Mountain Pass facility.
• Cracking. The sulfuric acid roasting and the subsequent calcina-
tion process are assumed to consume the same amount of energy
as treating phosphate rocks. The chemical consumptions were
estimated based on stoichiometry with 95% process efficiency.
Since sulfuric acid may decompose at roasting temperatures, i.e.,
500°C, this efficiency seems too high, thus may lead to underesti-
mate material consumption. For air emission control, scrubbers
with 95% removal efficiency were assumed, which represents
common practice in the U.S. instead of China.
• Solvent extraction. It was pointed out that electricity consump-
tion is not negligible due to large amount of liquids pumped.
Since no information is available, the electricity requirement
for solvent extraction of vegetable oils was used. It was also
assumed that four separation steps are needed to obtain the
desired products. Apparently, this tends to underestimate elec-
tricity consumption since REE solutions are more challenging
to separate and more steps may be needed. The consumption of
solvent (70% kerosene and 30% organo-phosphoric acid) was
estimated based on Mountain Pass data. Since no manufactur-
ing information is available for organo-phorphoric acid, generic
organic chemical is used as a surrogate. Wastes and emissions to
water were assumed to be similar to the Mountain Pass process.
• Allocation. Economic value was employed to allocate
energy/material consumption and emissions to all the products.
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The allocation factors were determined according to the average
bulk prices (FOB China) for cerium oxide, lanthanum oxide,
neodymium oxide, and praseodymium oxide between 2004 and
2006, while for samarium–europium–gadolinium concentrate
price in 2002 was used. This clearly introduces some incon-
sistency. In addition, volatile REE prices further complicate
economic value-based allocation.
Although the LCI datasets in Ecoinvent database carry many
limitations, the study provides a good starting point for further
LCA efforts. Nuss and Eckelman (2014) conducted an LCA of 63
metals, including all of the 15 lanthanide elements. The default
Ecoinvent inventory data was used but the energy/material inputs
and emissions were re-allocated to all the 15 REOs based on Bayan
Obo bastnasite composition provided in Chinese Rare-Earth Year-
book 2010 and 2006–2010 REO prices (Nuss and Eckelman, 2014).
It was concluded that for REOs the cracking/solvent extraction
steps carry larger environmental impacts than mining/physical
beneficiation. It is interesting to point out that the study develops
LCI datasets associated with a pathway of co-producing tho-
rium and REEs from monazites. The data was largely based on
environmental assessment report for a planned Lynas project
in Malaysia, which will process REO concentrates derived from
monazites mined at Mount Weld, Australia (Schmidt, 2013).
There have been efforts on addressing some of the limitations
associated with Ecoinvent datasets. Koltun and Tharumarajah
(2014) proposed a two-step allocation procedure to deal with the
co-mining issue at Bayan Obo. In the first step, environmental bur-
dens of mining and physical beneficiation are allocated to hematite
(FeO), columbite (niobium ore), and REO bearing ore (i.e., bast-
nasite and monazite) based on mass fractions and prices. In the
second step, the allocation among all the 17 REOs was done based
on economic value, assuming recovery rate for each REE oxide is
the same. Different from Ecoinvent, the study considers the REE
ores as mixture of bastnasite and monazite with 3:1 ratio. In a sepa-
rate study, Koltun and Tharumarajah (2010) expanded the system
boundary to include reduction of REOs. These two publications,
however, lack critical details on how life inventory data was com-
piled and do not include a complete LCI. It was implied that the
inventory was developed based on Ecoinvent dataset but the lack
of transparency makes it extremely difficult for other researchers
to repeat their studies.
In a recent study, Sprecher et al. (2014) conducted compre-
hensive updates on Ecoinvent datasets. Seven major REOs are
included: cerium oxide, lanthanum oxide, neodymium oxide,
praseodymium oxide, europium oxide, gadolinium oxide, and
samarium oxide. Since the study aims at assessing life-cycle envi-
ronmental impacts of NdFeB magnets, particular attention was
put on neodymium. Two Ecoinvent unit processes, i.e., rare-earth
concentrate, 70% REO, from bastnasite, at beneficiation/CN and
neodymium oxide, at plant/CN were split into five processes: ore
removal from mine, beneficiation of REE containing ore, acid
roasting, leaching, and solvent extraction. For the mining process,
it argues that the REE ore mining in Bayan Obo is equivalent to reg-
ular open pit iron ore mining, and the default Ecoinvent process of
iron ore mining was adopted. The REO concentration in the ores is
assumed to be 4.1%, which is more realistic than the 6.0% used in
Ecoinvent. The same approach was used for REE ore beneficiation
FIGURE 10 | Production processes for REOs and REEs as in Gabi
documentation (PE International, 2012).
because beneficiation techniques used in the Bayan Obo mine can
be assumed to be the same as in a normal iron ore mine. Radioac-
tive emissions were also updated based on thorium and uranium
content of monazites mined in Bayan Obo. In addition, allocation
was done between iron ore and REE ore using economic value. For
acid roasting, leaching, and solvent extraction, the study adopted
amounts of chemical consumption (e.g., sulfuric acid, hydrochlo-
ric acid, ammonium bicarbonate, and sodium hydroxide) reported
in several Chinese publications. Given the focus on neodymium,
allocation for solvent extraction process was done only between
neodymium and praseodymium oxides and other REOs.
Sprecher et al. (2014) further expanded Ecoinvent datasets to
include production of pure neodymium metal via molten salt
electrolysis, which is similar to the Hall–Heroult process used
for aluminum production. Therefore, the production of metallic
neodymium was modeled based on Ecoinvent process“Aluminum,
primary, liquid, at plant/RER” while adjusting energy and material
inputs based on properties of alumina and neodymium oxide. It is
interesting to point out that this study also explores two hard disk
drives magnets recycling/remanufacturing routes: one via manual
dismantling and the other via shredding.
To date, the most comprehensive LCI datasets on REEs are
probably those in the GaBi databases (Figure 10) developed by
PE International in 2011 and 2012 (PE International, 2012). The
databases include 20 datasets, i.e., cerium and its oxides, lan-
thanum and its oxides, praseodymium and its oxides, neodymium
oxides, samarium and its oxides, europium and its oxides, gadolin-
ium, terbium, holmium, erbium, thulium, ytterbium, lutetium,
and yttrium. Production of pure metals via molten salt elec-
trolysis is also included. According to the database document,
the main data source is the Chinese Rare-Earth Industry Report
2009 and additional oral communication with experts. Although
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having extensive coverage, the datasets have many issues. Over-
all, it seems that all the LCI data is highly aggregated. From
the documentation, it is difficult to tell whether or not the sol-
vent extraction process was included. In addition, two different
pathways are selected for the production of pure metal and the
production of REOs. For the production of pure metal, it was
assumed that mining, beneficiation, roasting, and production of
rare-earth chlorides are all conducted in Sichuan, China. The REE
ores available in Sichuan are mainly bastnasites, and the annual
processing capacity of facilities in Sichuan only account for less
than 20% of the total capacity in China (Ministry of Environmen-
tal Protection (MEP) of the People’s Republic of China, 2011).
For REOs (except neodymium oxides), the production in Bayan
Obo was modeled. Although allocation was performed on co-
mining and co-processing of iron ore and REE ore, no details
were provided regarding cracking and solvent extraction. In both
pathways, the database-documentation suggests that cracking is
done via either direct acid leaching or acid leaching followed by
calcination. These technologies seem to be only used by facili-
ties in Sichuan while processing concentrated ores from bastnasite
(please note Bayan Obo facility uses high temperature sulfuric acid
roasting for cracking) (Huang et al., 2011). Moreover, due to some
reasons the database-documentation mentions that monazites are
predominant in China, which is simply not true (the three leading
REE-bearing ores mined in China are Bayan Obo bastnasite–
monazite mixture, ion-adsorption clay in southern provinces, and
bastnasites in Sichuan). The dataset of neodymium oxide was
developed using Mountain Pass production data from 1995, which
is almost 20 years old. To make it worse, even though the Mountain
Pass facility has restarted operation, its processing capacity is much
smaller than that of China. All of these make the representativeness
of the inventory datasets questionable.
In summary, very limited LCA studies have been conducted on
REEs. All of the studies are based on Mountain Pass production
data from the 1990s or information from Chinese literature or a
combination. In general, the data quality is low. For many process
steps, no information is available and surrogates are commonly
used. This is a common practice in LCA efforts and reasonable
in some cases. For example, mining of REE-bearing ores can be
approximated by open pit mining of iron ores. However, using
vegetable oil extraction as an approximate to REO separation
to estimate electricity consumption may not be a good choice.
In addition, the current LCI databases do not have entries cor-
responding to the solvents (e.g., P204 and P507) used in REO
separation. Generic organic chemical is usually used as surrogate,
which may introduce large errors.
Both mass based and revenue based allocation have been
adopted to deal with the multi-products issues associated with
several REE processing steps. Although ISO 14040 recommends
system expansion over allocation, this is not feasible in the case
of REEs. On the other hand, both mass based and revenue based
allocation have their own shortcomings. Mass-based allocation
tends to put most environmental burdens to metals of high abun-
dance, e.g., cerium and lanthanum, while revenue based allocation
suffers from extremely volatile REE market. In addition, the prices
of REEs vary significantly from metal to metal (e.g., scandium is
currently priced at $17,500/kg while cerium at $12/kg, July 30,
2014, www.mineralprices.com).
In addition to data accuracy, completeness, representativeness
issues, and allocation method selection, published LCA studies
carry some discrepancy with regard to system boundaries, cut-
off criteria, and assumptions made. As a result, the LCA results
likely carry large uncertainties. For example, the carbon footprint
of 1 kg neodymium oxide reported in the studies ranges from
12 kg CO2-Eq (Sprecher et al., 2014) to 66 kgCO2-Eq (Koltun and
Tharumarajah, 2014).
Due to the limitations associated with current LCA studies,
further efforts are clearly needed. The Mountain Pass facility has
been upgraded for reduced environmental impacts and restarted
operation in 2013, justifying an updated LCA. For the Bayan Obo
pathway, a critical analysis of the current studies and a closer look
into Chinese literature are desired in order to harmonize the results
so the LCA can provide better support for process development
and policy making. The DOE’s National Renewable Energy Lab-
oratory (NREL) has done work on LCA harmonization of solar
and wind energy (Heath and Mann, 2012) and the methodol-
ogy could be adopted. In addition, no LCA has been attempted
for the production of REEs from ion-adsorption clay, although
ion-adsorption clay has been an important source of HREEs.
Moreover, there are specific chemicals used in REE processing for
which LCI should be developed.
FUTURE OUTLOOKS
There have been certain sites designated for REE extraction out-
side of China. In the U.S., these include mines in Diamond Creek,
ID, USA, Bear Lodge Mountains, WY, USA, and Pea Ridge, MO,
USA (Paul and Campbell, 2011; Long et al., 2012). There are also
reserves in Australia, Brazil, Canada, and India (Kanazawa and
Kamitani, 2006; Hatch, 2011; Schüler et al., 2011). Japanese scien-
tists have begun to explore the Pacific Ocean for REEs and have
shown substantial reserve potential (Kato et al., 2011). Each of
these sites has their associated ways of extraction and different
processing pathways may be adopted. This will add to the com-
plexity of assessing the environmental impacts of REEs using LCA.
In addition, with the advent of new processing technology, new life
inventory will need to be developed. Depending on the nature of
the new technology, this could be done by updating current inven-
tory, although this will not be easy given the fact that most of the
current inventory lacks the needed transparency.
Furthermore, recycling of REEs will be an important topic for
future LCAs. Since many products only contain small amounts of
REEs, recycling is costly and energy intensive. Estimates of recy-
cling rates are around 1% (Buchert et al., 2009; Chakhmouradian
and Wall, 2012; Reck and Graedel, 2012; Binnemans et al., 2013;
Bogue, 2014). Given the uncertainties in price, quality, quantity,
and dependability of the materials, the research is increasing for
REE recycling and this percentage will certainly rise. Companies
such as Toyota, Honda, Hitachi, and Mitsubishi have announced
REE recycling initiatives targeting as much as 10% of their REE
consumption via recycled materials (Akahori et al., 2014; Golev
et al., 2014). Further, there have been attempts to look at the recy-
cling and remanufacturing of products incorporating REEs (Dent,
2012; Nagai and Uzawa, 2014; Tan et al., 2014). For some REEs,
such as the Nd and Dy in NdFeB permanent magnets, the in-use
stock can be four times that of the yearly extraction amount (Du
and Graedel, 2011b). A typical approach for recycling includes:
Frontiers in Energy Research | Energy Systems and Policy November 2014 | Volume 2 | Article 45 | 14
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Navarro and Zhao LCA of REEs for energy applications: a review
collection, dismantling, separation, and processing (Buchert et al.,
2009; Sonich-Mullin, 2012). Recycling would further complicate
the REE life cycle. The methods and processes for recycling would
have to be evaluated, and a couple of LCA studies have been con-
ducted on different routes of recovering Nd and Dy from magnets
(Akahori et al., 2014; Sprecher et al., 2014).
CONCLUSION
As REEs gain increasing importance in many new energy tech-
nologies and systems, with the drive to reduce GHG emissions
the demand for REEs will keep increasing. Although REEs con-
tribute significantly to energy sustainability, the production of
REEs is energy/material intensive and heavily polluting. With the
increasing demand of REEs, a comprehensive understanding on
the environmental impacts of REEs production is needed. LCA
is the most widely used methodology for evaluating environmen-
tal sustainability. However, very limited LCA studies have been
conducted on the production of REEs.
A critical review of LCA studies on REEs (as well as major
REE production pathways) reveals some severe limitations. The
LCI was mostly developed based on data from Chinese litera-
ture and/or Mountain Pass production data from 1990s. Data
consistency, accuracy, completeness, and representativeness are of
significant concerns and the LCA results are expected to carry large
uncertainties. The studies to date usually draw system boundaries,
define cutoff criteria, select allocation methods, and make assump-
tions differently. Therefore, a harmonization effort is needed.
In addition, all the studies are for the processing bastnasite or
bastnasite–monazite mixture, while no LCA has been conducted
on the processing of ion-adsorption clay, which is an important
source of HREEs.
Worldwide, there are sites being explored for REE ore extrac-
tion to meet the increasing demand and to reduce supply risks.
Depending on the composition of the ores, different process-
ing pathways may be adopted. There are also efforts undergoing
to improve REE processing technologies, and to recycle REEs.
All of these have impacts on REE life cycle, and LCI has to be
developed. Due to the proprietary nature of these new develop-
ments, close collaboration with industry is critical. It is envisioned
that a comprehensive and transparent LCA database will provide
better support to efforts on greening the REE life cycle and to
policymaking.
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